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INTRODUCTION

Many investigators have written on the subject of leaf histology and morphology in general, and a few have, in addition,
touched upon the physiological significance of structures found
during the progress of the study. Among these writers are Haberlandt, Pick, Stahl, Bonnier, Wagner, Hesselmann, and Clements. Most of the work, however, has been purely histological
or morphological with little or no reference to environic forces.
But in these later days of the development of the new ecology
those forces or factors which have been potent in the evolution
of plants and which are moulding plants today have come under
careful observation and study, not only from the qualitative point
of view, but also from the quantitative standpoint. Among the
'most important of these studies is the one by Dr. E. S. Clements
on The Relation of Leaf Structure to Physical Factors, in which
UNIVERSITY STUDIES,
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the author measured very carefully the physical factors which
were operative in the production of the structures which she
recorded.
However, most of the above studies have been more general
than the one here reported. The authors have attempted to cover
a greater mass of vegetation rather than to confine themselves to
a single unit or a sul?division of vegetation. As indicated in the
title, the study given here was made in a definite area or unit of
vegetation-the Artemisia formation. This study does not include all of the species of the formation, but twenty-eight of the
prominent ones.
The original thought was to make a careful study of the leaf
histology of some of the more typical plants of this formation in
relation to the physical conditions and to determine to what extent the leaf structure of the plants of the formation coincided
with the present conception of xerophytic anatomy. An attempt
was also made to discover the range of variation in physical factors, especially of water-content, of the formation and the bearing of this variation upon structural phenomena.
Since the term formation has often been used loosely without·
any definite or commonly accepted application, it is well that,
before going further, I should define the term as I understand it
and as it has been used in this paper. The confusion caused by
the various conceptions or usages of such terms as formation,
association, society, etc., is well known to every ecologist, and
hence it is unnecessary to enter here into a detailed historical
account of the various controversies over these matters. A plant
formation as here regarded is the unit of vegetation. It does not
take a well-trained botanist to recognize that certain areas of
vegetation are marked out by certain conditions of the habitat.
Anyone can tell that certain areas are very clearly delimited
by great differences in physical conditions. In other words, it is
a commonplace observation that the distribution of plants is controlled by some more or less well-defined character of the substratum, and no one has the slightest difficulty in pointing out a
swamp, a wet meadow, an open prairie, a coniferous forest, or
a lichen covered cliff. The term plant formation is applied to
412
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such an aggregation of plants as this, or, to formally define it, a
plant formation is the collection of plants present in a habitat
more or less clearly delimited, usually by certain physical conditions, in which the arrangement and the structure of the plants
is the result of the adaptation of these plants to the environic
forces of the -habitat, and further characterized by the predominance of one or several species. To localize for the Artemisia
formation it only remains to be briefly stated that this formation
is characterized by a low water-content, high temperature, low
humidity, xerophytic vegetation, and by the predominance of

Artemisia tridentata.
The geographical limits, the structure, and the development of
the formation are not treated in this place, but are reserved for
a future paper, when a more comprehensive reconnaissance of
the whole formation shall have been made.
THE REGION IN WHICH THE FlEW STUDIES WERE MADE

The studies which constitute the field materials for the paper
were made during the summer of 1907 from June 20 to August
30, in the _Artemisia formation as it is found in the state of Colorado. - The southern half of the state was covered quite thoroughly. The studies were ended in the north central part of the
state. The most extensive studies were made at Fort Garland,
Durango, Hot Sulphur Springs, and in Estes Park. A person
familiar with the geography and physiography of the state will
know from the above statement that the work was done mostly
within the· Rocky mountain portion of the state. The altitude of
the formation ranges from about 1,500 m. (4,875 ft.) to 2,830 m.
(8,500 ft.). No plants of Artemisia tridentata were found above
an altitude of 3,000 m. (9,975 ft.). About 1,500 km. (2,500
miles) were traveled during the summer. The outline map on
the following page will show the route followed and the location
of the principal studies.
MATERIAL AND METHODS

As stated above only leaf studies were made, except in the case
of !uncus in which the leaf functions are performed by the leafless
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stems. Leaf material was collected and fixed in the field. A
modification of Flemming's solution was used as the fixing agent. .
The material was killed from twenty-four to forty-eight hours,
washed in the field, and preserved in 30 per cent alcohol until the
party returned to Lincoln, when all the material, consisting of
168 vials of leaf sections, was run up to 60 per cent alcohol,
where it was left until it was run on up and imbedded in paraffin.
The sections were cut a uniform thickness of IS p., stained with
safranin and licht griin, and mounted in balsam. Over two hundred permanent slides were made. These constitute the basis for
the following studies and from which the figures were drawn.
All the laboratory work was done in the laboratories of the department of botany of the University of Nebraska.
The methods of habitat study, or the study and determination
of the physical factors of the formation were those laid down by
Clements in Research Methods in Ecology.
SOIL-STRUCTURE, WATER-CONTENT, CLIMATE

In the southern portion of the state the Artemisia formation
typically occupies a soil mainly of sedimentary origin, intermixed
with loess and with a surface layer of small, slightly disintegrated
quartzite and granite boulders. The granite of the region contains a rather high per cent of feldspar, so that on the whole the
soil resulting from the decay of the granites is essentially a clay
soil bearing rather fine sand particles. Farther from the foothills, however, as in the San Luis valley south of Fort Garland,
the soil is a very fine homogeneous sand lacking the surface layer
of small Qoulder~. Such a soil is very deep and fine grained. It
dries quickly on the surface, but contains too much sand to bake
hard. This fine dry surface no doubt acts as a very excellent
mulch in conserving the moisture below. This fact taken together with the homogeneous nature of the soil probably accounts
for a certain peculiarity in the matter of water-content described
below.
In the north, especially in Estes Park, the formation occupies
more commonly the granitic soils, since these are the most common in that region. Disintegration of the exposed granite has
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proceeded for a few centimeters in crevices and soft places in the
rock in which soil has accumulated to a sufficient degree to furnish a foothold for plants. On such hillsides Artemisia tridentata
was abundant up to 2,830 m. (8,500 ft.). By the exercise of its
soil-forming function, by the addition of litter and humus to the
originally scanty supply, considerable soil has been accumulated,
and the plants now cover rather wide areas through which yellow
pine (Pinus ponderosa) is also scattered. The soil here, in contrast to that in the south, is very shallow, as well as rocky and
gravelly. In it soil samples were taken with considerable
difficulty.
From 108 water-content determinations for the region studied
it was found that the average physical water-content or holard
for all depths in the formation was I3.3 per cent. The extremes
were 27.9 per cent'near the edge of an irrigation ditch at a depth
of 8 dcm., and 4.0 per cent in the open homogeneous sandy soil
at a depth of 2 dcm. in the absorbing area of a species of Atriple%.
This minimum is very low. Probably it can be explained only
by reference to the structure of the soil. As above stated, the
soil here, Fort Garland, is a fine homogeneous sand with a very
fine surface mulch of about a centimeter in depth. N ow it must
be that the echard, or the non-available water-content here is extremely low, probably less than I per cent. It is regretted that
no determinations were made on this point, for certainly such
would have been enlightening. The very great development of
rootlets and root hairs was, however, noted for the above plants.
This fact, together with the very hairy leaves containing much
storage tissue, would indicate that here is a plant which is excellently adapted to a very low holard and in a way to prevent
desiccation by excessive transpiration.
Another point brought out in the water relations of xerophytic
plants during these field observations is that there was very little
variation in the vertical distribution of soil moisture, especially
in the homogeneous sandy soils of the formation. This condition
is accompanied by a rather superficially developed root-system.
Tn fact, the absorbing area for most species of the herbaceous
associates of the Artemisia was found to be at a depth of about
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dcm. and even with Artemisia tridentata itself the absorbing
area was reached at a depth of one meter.
In determining the vertical distribution of moisture, soil sam··
pIes were taken at depths of 2, 4, 8, and IO dcm. In taking the
deeper samples a pickax was used with the geotome, since only
a 2 dcm. geotome was available. Whenever leaf material was
taken soil water determinations were made from the absorbing
area of the plant concerned in so far as was possible. In doing
this for Artemisia tridentata the whole plant was first broken
down and grubbed out. Because of the weakness of the trunk
and roots this task was easily accomplished. Then the pickax
and hands were used to excavate to about one meter below the
~urface where the geotome was driven down for the final soil
sample. This was a comparatively easy task in the fine sandy
soils, but in the rocky soils of the north it was more difficult to
obtain a sample from the absorbing area of the larger shrubs.
The vertical distribution of water-content showed a much wider
range of variation in the rocky soils than in the even· textured
sandy soil.
In a recent number of the Plant World which came to hand as
this paper was being written, MacDougal states that in his studies
of desert vegetation he has found the same comparative uniformity in the vertical distribution of soil moisture. Because of this
uniformity the root systems of the plants inhabiting such places
exhibit a broad lateral development with a corresponding decrease
in vertical range. The stratification habit of roots such as MacDougal mentions was not noted for the plants of this formation,
probably because in most cases the individuals were so widely
distributed that competition between the root systems of contiguous plants was reduced to a minimum.
In the matter of climatic conditions the region covered is arid.
There is a great diurnal range in temperature for each locality.
At Hot Sulphur Springs at an altitude of 2,600 m. (7,800 ft.)
frost' occurred on one or two nights during the latter part of July.
But at noon or between noon and 3:00 P.M. a temperature of
40° C. was recorded in the Artemisia formation surrounding the
village. The nights were not so cold in the south, but the days
2
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were very oppressive with high temperatures and low humidities.
The winters are cold and the summers hot for the region as a
whole. The following table shows the mean annual precipitation
for a number of stations within the range of these studies:
Fort Garland ................. 35.70
San Luis ..................... 29.50
Durango ...... , ............ , .. -46.00
Mancos ...................... 48.80
Montrose ..................... 30.80
Buena Vista .................. 22.30
Gunnison ..................... 23.10
Pueblo ....................... 30.70
Colorado Springs ............. 36.80
Boulder ...................... 47.00
Hot Sulphur Springs ........... 50.80
Moraine Park ................. 38.20

cm.
cm.
cm.
cm.
cm.
cm.
cm.
cm.
cm.
cm.
cm.
cm.

(14.00
(II.62
(16.16
(17.29
(12.30
( 8.75
( 9.10
(12.II
(14-41
(18.75
(20.00
(15.00

in.)
in.)
in.)
in.)
in.)
in.)
in.)
in.)
in.)
in.)
in.)
in.)

,
STRUCTURAL STUDIES

Artemisia tridentata.
Since this is the plant which gives character to the formation
it will be treated more thoroughly than the others, most of which
are herbaceous species. This is the common plant of the West
which predominates in those regions commonly called sage plains,
Dr sage-brush regions. The species is a perennial shrub and is
variously called by the names sage-brush, common sage-brush,
sage-wood, mountain sage, etc. The short stem is usually much
branched at or near the ground intD from three to six Dr mDre
slightly spreading Dr erect secDndary stems. The main stem
reaches a diameter .of 15.20 cm. (6 in.) in the sDuth. The tallest
plants found were at Fort Garland, where they measured 2.50 m.
(8 ft.) in height, and the smallest were in Estes Park, where the
general height was abDut 45.60 cm.· (18.0 in.). The species
reaches cDnsiderably larger dimensions farther nDrth and west
where the fDrmatiDn is .older. The main stem is .often split and
furrDwed in nature and is cDvered by a thin, stringy, dark brDwn
tD ash-colDred bark. The yDung twigs are silvery canescent.
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The leaves are narrowly cuneate, 1-4 cm. long, varying in size
and thickness somewhat for the habitat, and are typically threetoothed at the truncate apex. Heads of 5--8 yellow flowers are
very numerous on the shoots of the year. The wood is of a dark
olive brown color, coarse grained, with conspicuous vessels in
the spring portion of the narrow annual rings. The wood is not
strong, is easily split or broken by twisting. The root system is
usually composed of three to six or more main branches which
subdivide soon, thus forming a rather narrow root system.
The rate of growth is very slow. The largest plants at Fort
Garland were fifty years old. The annual diameter increment
was :ibout 2.1 mm. (0.12 in.) for this locality. In the Estes Park
region where the plants were 6.3 cm. (2.5 in.) in diameter and
twenty-five years old the annual diameter increment was 2.5 mm.
eo. IO in.). The plants show a slightly better development near
streams and irrigation ditches, though nQt to the degree that
might be expected, especially when compared with Chrysathamnus
graveolens, a common associate which makes .a much more luxuriant growth near the ditches. The size and the rapidity of
'growth of Artemisia tridentata is not much accelerated even when
it grows near streams where the holard is considerably higher
than in the normal habitat. This species is rarely found in the
saline areas which are rather common in the formation in the
South. It is replaced in such areas by the spiny chenopod, Sarcobatus vermiculatus.
.
The leaf structure coincides well with the common conceptions
of such xerophytic organs. The leaf is covered both on the upper
and the lower surfaces with a dense m~t of interlocking T -~haped
epidermal hairs, so protection is almost perfect in this regard.
The structure of an individual epidermal hair is shown in figure
9, plate 1. These hairs are usually composed of three cells, two
of which constitute the stalk, and the third, the terminal ceIf, is
drawn out into the long cross-bar of the T. They rise from a
single epidermal cell. The stalk cells regularly show the presence of well-defined and apparently functional nuclei. The nucleus of the end cell was also found in a number of cases. The
cells of the epidermis always contain prominent nuclei with a
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peripheral layer of protoplasm. This fact may be rather surprising to those who have held the view that trichome cells and the
cells of the epidermis are inactive and that they contain only air.
The above facts indicate that such cells are not so "dead" as has
been supposed. Indeed, most of the plants described in this paper
showed the epidermal nuclei to be almost always present; in many
cells it was very large and conspicuous.
Leaves from plants in the drier situations, for instance from a
holard of 8 to 12 per cent, regularly show in addition to the lanate
surface a well-defined cuticle (plate I, figs. I and 2). The leaf
is greatly pitted so that in a transverse section the epidermis appears as an undulating chain of cells. In many of these pits are
found peculiar multicellular epidermal glands which will be described below. Stomata are about equally distributed over the
upper and lower surfaces. The chlorenchyma is composed of
four rows of irregular, prolate palisade cells closely packed together, ~ith very small intercellular air spaces. Two rows of
these cells occur on each side of a median band of globose water
storage cells. In the sections from the drier situations (plate I~
fig. I) this band is made up of two to three rows of cells with a
close sheath about the vascular bundles. In these forms the cells
comprising the bundle storage sheath are often filled with a
mucilaginous or viscid cell sap. In no cases do the storage cells'
contain chloroplasts, although these cells do originate from
chlorophyll-bearing cells.
The relative development of this median storage tissue .shows·
some rather slight variation in the shade forms and in those growing under more moist conditions. Figure 2 was made from a
plant growing in a holard of 18 per cent. Here the storage region
is reduced to a single plate of cells, and the bundle sheath never
contains mucilaginous material. Otherwise the leaf is the same.
Figure 3, plate I, shows a leaf section from deep within the same
plant from which figure 2, plate I, was made. This leaf grew,"
under a lower light intensity than the other. The structural d1i..,
ferences noted are that, first of all, the leaf is much broader ana,
thinner. The epidermal hairs are more scattered, there is. no',:
cuticle at all, storage cells are not so numerous, and the two inner
420
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rows of palisade show a more or less sponge-like nature, stomata
are fewer in number per unit area, and the epidermal glands are
almost lacking.
Figure 4, plate I, shows the structure of the leaf from the same
species growing in the shade of a cluster of spruce trees in Este~
Pa'rk. The chlorenchyma is even looser here, and the water storage function has about reached the minimum for the species.
Soil structure has not left any histological impress on the species. Those individuals growing in the sandy or sedimentary
soils and those in the granitic soils under the same 'conditions of
light and moisture exhibit th~ same leaf anatomy. The structure
shown in plate I, figure I, probably is to be taken as that of the
normal leaf of Artemisia tridentata since this is the structure
found in the more typical situations.
The epidermal glands are always found in the pits in the epidermis, and in the natural state they are surrounded and ove~
topped by the T-shaped epidermal hairs. Plate I, figure 8, a, b,
c, d, shows the gland in position in four stages of development.
The sections are transverse section!? of the leaf; hence the glands
which are soon cut off by a transverse septum, figure 8, a, are cut
longitudinally. The gland first appears as an upward protrusion
of a single epidermal cell. This protrusion extends farther into
a regular globose or dome-shaped structure, which remains unicellular until it is about three times the thickness of an epidermal
cell. About this time a second cell is formed at the tip by a peculiar bud-like division, figure 8, b. The elld cell then continues
to enlarge at the point of contact with the lower cell, which may
be termed the stalk cell, until it forms a cap-like covering over
the distal end of the stalk cell, figure 8, c. By this time the stalk
cell has elongated considerably and has divided again, so that we
now have a two-celled stalk covered by a calyptra-like distal cell,
figure 8, c. Soon the distal cell is divided by radial partitions into
three or four cells as shown in figure 8, d, and the outermost cells
have grown down, enclosing the whole stalk except the lowermost
cell, which always remains free. This is the most common form
of the gland. The cells of the glands are filled with a dense granular, mucilaginous, volatile substance. This doubtless is the
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source of the odor so characteristic of the species. No microchemical tests of the contents were made, so that the chemical
nature of the secretion is not known.
The greatest development of glands in number and size take&
place under the most arid conditions and in the highest light intensities. This might indicate that there is some correlation between the development of epidermal glands and the factors of the
habitat, although I am not yet ready to indicate the exact formative causes. They may be in some measure protective.

Artemisia frigida. Plate I, fig. 5.
This plant shows about the same variation in leaf structure as
that found for its larger sister species. The species belongs to
the dissected leaf division of the genus. Figure 5, plate I, shows
the structure of the leaf of A. frigida from the same situation as
A. t.ridentata, the leaf structure of which is shown -in figure I.
The epidermis is covered with a fine canescent coat of singlecelled, needle-shaped hairs. In addition to this protection a thin
cuticle is present. There are no epidermal glands. The chlorenchyma corresponds closely to that of A. tridentata, being of two
rows of close prolate palisade cells on each side of a narrow median layer of storage cells. The vascular bundles are encased
in a sheath of storage cells. Plate I, figure 6, shows the structure
of the same species from a shady brook bank where the holard
was 19 per cent and the light intensity. was considerably lower
than in the open formation. The plants were taller and the leaves
broader than those in stronger light. The cuticle is still present,
but the epidermal hairs are much fewer in number. The palisade
is not quite so closely aggregated as in figure 5. There is no true
water storage tiss.ue except as a very narrow sheath about the
vascular bundles. The median zone of cells here contains chloroplasts, the individual cells being more or less oblate, and they
apparently perform the functions of ordinary sponge cells.
Artemisia canadensis. Plate I, fig. 7.
This material was taken from a rocky hillside where the light
was unity and the holard was 10 per cent. The epidermis is comparatively free of hairs, but the species has compensated for loss
422
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in this direction by developing a much thicker cuticle and more
water storage tissue than is to be found in its lanate relatives.
The upper cuticle is 6 p. thick,' while' that on the lower side IS
scarcely less. The chlorenchyma is composed of two rows of palisade on the upper and lower sides, separated by a broad band of
storage tissue composed of large, clear, globose cells. Numerous
resin canals are scattered through the storage layer, the significance of which- can not be explained at present. This species may
be classed with the smooth-leaved, more or less succulent
xerophytes.

Allionia linearis. Plate II, fig. 10.
Material of this species was collected in the same situation from
which the Artemisia material for figures I and 2 was taken, wher,e
the holard was from 8.0 to 10.0 per cent in fine sandy soil. In general the structure is about the same as E. S. Clements found in the
same species from a gravel slide with a chresard of 2.5 per cent
to 5.5 per cent. However, the leaf is ~omewhat more xerophytic
in structure than the leaf found by Dr. Clements. A rather striking point noted was in the cuticularization of the leaf. The lower
cuticle is thicker than the upper cuticle, an apparent anomaly
which is probably explained by the fact that during the hot hours
of the day the leaf is folded closely on the midrib with the lower
epidermis outermost. The shape is that of an acute dihedral angle
with the midrib at the vertex.
There are five rows of prolate palisade cells with no indication
of sponge cells in the lower portion of the leaf such as Clements
found in her material. We have here a typical staurophyl1. The
vascular bundles are small and are always encased by a sheath of
storage cells. There are many crystal sacs scattered through the
chlorenchyma.
Odostemon aquifolium. Plate II ,--fig. 11.
This species is not a true associate of the Artemisia, but is found
in the formation where it meets a forest or a thicket formation.
It is to be regarded as an invader. The leaf is interesting because
of its extreme xerophytic structure. The cuticle on the upper
surface is made up of a series of undulating layers or lamellae and
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is 8 to 9 fL thick. The lower cuticle is thick also (5 fL), and it is
thrown up into about as many papillae as there are epidermal
cells. The chlorenchyma is very compact, being composed of two
definite rows of closely aggregated palisade cells, with about four
irregular rows of globose or spongoid cells packed closely together in the lower portion of the leaf. There is ~o storage tissue.
and, indeed, it is unnecessary that there should be with such perfect cuticularization. The whole leaf is very smooth and firm, and
the marginal indentations are tipped with strong spines. Nuclei
,are conspicuous in the cells of the epidermis.

Lupinus pusillus. Plate II, fig. 12.
The epidermis is composed of very large lens-shaped cells from
which arise few epidermal hairs. The chlorenchyma is composed
of four irregular rows of palisade cells, two rows on either side
of a broad band of spongoid storage tissue, some cells of which
contain chloroplasts. The older storage cells lack the chloroplasts.
The whole leaf tissue is very close. The guard cells of the
stomata are very small and well protected by the shadowing of
the large adjacent cells of the epidermis. The holard was 10.8
per cent in this situation.
Lappula occidentalis. Plate II, fig. 13.
This is one of the most common herbaceous associates of the
Artemisia in the Fort Garland region. The leaf has a thick upper and lower cuticle with many epidermal hairs. The chloren- .
chyma is composed of four rows, of palisade, two rows on either
side of a broad median band of milky or mucilaginous tissue
whose cells are globose in transverse section. The vascular bundles are embedded in this tissue. No microchemical tests were
made of the cell contents of this storage tissue.
Drymocallis fissa. Plate II, fig. 14.
This species is perhaps another invading form, but its leaf is
a rather typical xerophyll. The epidermis is protected in a slight
degree by the stiff epidermal hairs which arise from the lar~e
globose cells much like those of Lupinus above. The cells of the
lower epidermis here, however, are only about one-half the size
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of those in the upper epidermis. There are two rows of very
close palisade, and three irregular rows of palisade-like sponge
scarcely less open than the palisade itself. The upper epidermis
is filled with a mucilaginous or oily cell sap.

Eriogonum flavum.

Plate II, fig. IS.
A very dense coat of tangled epidermal hairs covent both the
surfaces of the leaf. A thin cuticle is also present. There are
two irregular rows of prolate palisade cells on each side of a very
regular median belt of clear storage cells. ~ The whole structure
is very close, and the intercellular air spaces are reduced to mere
lines. Numerous many-pointed crystals are found in the storage
region. The cell sap is very mucilaginous, and it retains the
stain very tenaciously. Scarcely any variation was found in
plants of the species in a considerably higher holard.

Gaura coccinea. Plate II, fig. 16.
Epidermal protection in this species consists of few scattered
epidermal hairs and a well-developed cuticle on the upper surface. The chlorenchyma is compo"Sed of five 'rows of close
palisade cells, three rows above and two beneath an irregular zone
of mucilaginous storage tissue, composed of globose to oblate
cells filled with a very tenacious cell sap. The upper epidermis
is filled with a like material, but the lower epidermis is clear.
Prolate crystal saCs are scattered through the upper chlorenchyma.
The cells beneath the storage layer are shorter by half than the
cells above the layer.

Linum lewisii.

Plate II, fig. 17.
.
The leaves of this flax are perfectly smooth with a well-developed cuticle on both surfaces. The epidermal cells are filled with
a very dense, dark brown, waxy or mucilaginous substance. The
chlorenchyma is composed of four irregular rows of prolate palisade cells with very small intercellular air spaces. There is not
a sign of internal storage tissue except a sheath of a single layer
of globose cells about the vascular bundles. These cells, like
the epidermal cells, are filled with a mucilaginous sap. Forms
under slightly moister conditions showed no variation from this
structure.

16

Raymond John Pool

Scutellaria brittoni. Plate III, fig. 18.
This material came from a holard of 94 per cent. A very
thick cuticle (8 p.) covers both surfaces with a smooth shiny coat.
The epidermal cells are filled with a mucilaginous sap. The
chlorenchyma is composed of two rows of prolate palisade cells
. and from three to four rows of mor·e or less globose sponge cells.
The whole tissue is very compact, the intercellular air spaces,being reduced to mere lines or tiny triangular openings. No water
storage cells are found except a sheath of a single row of clear
cells about the vascular bundles. The shade form of the species
shows a much looser leaf structure, but the above is the normal
for the Artemisia formation.
Thelypodium wrightii. Plate III, fig. 19.
'Scattered, forked epidermal hairs occur here with a well-developed cuticle over both surfaces. The epidermal cells are large
and lens-shaped. The chlorenchyma is much like that of Scutellaria above except that there are a greater number of rows of
cells. In this species there are four regular rows of closely aggregated palisade cells and four to five rows of compact globose
sponge cells. The only storage tissue present is found in the vascular bundle sheath of a single cylinder of cells.
Pentstemon trich&nder. Plate III, figs. 20 and 2I.
Figure 20 shows the structure of the stem leaf 'and figure 21
that of the rosette leaf from the same individual of this species.
The holard at 2 dcm. was 8.5 per cent; the temperature on the
surface of the soil was 50° c.; the humidity was 23 per cent.
At a height of ~ m. or that of the stem leaf the temperature was
35° C. and the humidity was 32 per cent. Both the leaves are
well-cuticularized, the cuticle being from 4 to 6 p. in thickness.
The chlorenchyma in the stem leaf is entirely composed of palisade cells, seven rows in number. In the rosette leaf there are
the same number of rows of cells, but the four lower rows are
very sponge-like, with comparatively large intercellular air spaces.
The three upper rows are like those in the stem leaf. In the
rosette leaf the epidermal cells are filled with a dark mucilaginous cell sap. The stem leaf shows less color in the epidermal
cells.
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Atriplex cornllta. Plate III, fig. 22.
This species is a common associate in the drier and slightly
saline situations. The -epidermis is effectively protected by large
globose epidermal hairs covering the non-cuticulari~ed epidermis.
These globose hairs or scales are the chief constituent of the socalled "mealy" covering so characteristic of the chenopods. The
hair is usually -composed of' two cells, one the stalk, or pedicel,
very short and narrow, the other, the end cell, being the swollen
globose head which in some may be half as thick as the leaf. The
chlorenchyma is composed of four rows of prolate palisade cells
rather loosely aggregated. There are large air chambers immediately beneath the stomata. There is no indication of mucilaginous storage tissue. The holard here was 8.3 per cent.
AtrfPlex canescens. Plate III,fig. 23.
This is a common shrubby associate of Artemisia. The wood
is very hard. It is sometimes called "greasewood." The epi_dermal walls are not cuticularized, but, as in the above species,
we have here a dense "meal" of the large globose epidermal hairs
of the structure described above. The protection is much more
perfect in this respect than in the above species because the scales
are more numerous and closely aggregated. The chlorenchyma
is composed of about four irregular rows of prolate palisade cells
closely packed together with very narrow intercellular air spaces.
The development of storage tissue is marked in this species, the
vascular bundles being always enclosed wholly or in part by a
sheath of mucilaginous cells. In some cases this sheath is continuous around the bundle, but in others it surrounds the bundle
except at the bottom. In the latter case the sheath fits about the
bundle like a horseshoe with the open portion toward the lower
side of the leaf. In transverse section the cells of the sheath are
globose or keystone-shaped, and they are about fiv-e times as long
as .broad in the direction of the vascular bundle.
Lllpinus ammophilus. Plate IV, fig. 24.
This leaf lacks a cuticle, and possesses only a few epidermal
hairs. Many of the -epidermal cells are thrown up into short
papillae. The chlorenchyma is composed of six rows of dense
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palisade, three rows being arranged on each "side of a median
band of sponge-like cells which are more or less oblate in outline.
The only indication of storage tissue is to be found in the vascular
bundle sheath.
This leaf seems to lack the customary protective devices of the
xerophyte, but perhaps this is compensated fol' by the sensitive
nature of the plant whereby it is able to fold its leaflets closely
together with approaching danger of desiccation.

Gutierrezia sarothrae. Plate IV, fig. 25.
This species shows a well-developed x'erophyll with few epidermal hairs, well-developed cuticle, and a closely packed chlorenchyma. The palisade is arranged in four rows with very small
intercellular air spaces. Storage cells are confined to the vascular bundle sheaths. Some of the cells of these sheaths contain
gummy sap, and there are a few other such cells scattered in the
region near the bundles.
Aragallus sericeus. Plate IV, fig. 26.
The leaf in this species "is covered by a close mat of epidermal
hairs. There is also a well-developed cuticle. The chlorenchyma
is very loose, being composed of regular scattered prolate palisade cells. The bundles are surrounded by a sheath of clear
storage cells.
Lupinus parviflorus. Plate IV, fig. 27.
This species was growing in the edge of a wet meadow at Hot
Sulphur Springs in a saturated soil. It is given here to contrast
with figure 24, from the Artemisia formation. This species shows
a single row of long palisade cells, with a very open sponge tissue.
There is no storage tissue whatever.
Delphinium ramosum. Plate IV, fig: 28.
This species grew in the Artemisia formation on a northeast
slope where the soil moisture conditions were good. The leaf is
smooth and is not covered with cuticle. The chlorenchymii. is
composed of regular prolate palisade cells very loosely aggre:gated. There is no sponge tissue. The vasclllar bundles mayor
may not be encased by a sheath of storage cells.

Histological Studies in the Artemisia Formation

19

Orth(Jcarpus luteus. Plate IV, fig. 29.
Rather oddly this plant possesses a leaf composed entirely
of sponge cells closely aggregated in this species. There are
scattered glandular epidermal hairs which give the leaf an oily
nature. There is no indication of a cuticle or of water storage
tissue.
Phacelia heterophylla. Plate IV, fig. 30.
Epidermal hairs here are very large and stiff. The cuticle is
well developed on the upper surface, but is lacking on the lower
side. The upper epidermis is filled with oil drops. The chlorenchyma is composed of a single row of long prolate palisade cells,
and about three rows of very irregular sponge cells, each portion
occupying about one-half of the whole tissue. The only storage
cells present are in the narrow sheath about the vascular bundles.
Delphinium occidentale. Plate IV, fig. 3I.
This structure is given to show an apparent deviation of structure from that which has been found rather typical for the formation. This material came from the Artemisia formation on a
southwest slope where the holard at 3 dcm. was 9.6 per cent, and
yet the structure is that of a mesophyte, a rather loose palisade
and a very open sponge. A thin cuticle covers both surfaces, and'
the bundle sheath of storage cells is well defined, structures which
were lacking in the wet meadow form above.
Calochortus nuttallii. Plate V, fig. 32.
This species shows the homogeneous spongy chlorenchyma.
The plant is a common member of the formation southwest of
Durango in a holard of 10 per cent. The leaves are very smooth
and shiny: and firm, due to the very thick cuticle over both surfaces. Storage tissue is not present in the species. The leaves
are long, narrow, and grass-like in form and are often folded together on the midrib. .
.
Chrysothamnus graveolens. Plate V, figs. 33 and 34.
These two .figures show the structure of the dry and the moist
forms respectively of this species. Figure 33 is from a holard
)f 8 to I I per cent, and figure 34 from a plant growing near the
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edge of a stream where the holard was 27.5 per cent. The plants
in the moister situation made a much more luxuriant growth, the
leaves were broader and the stems thicker than those from the
dry soil.
Figure 33 represents a whole transverse section of the leaf of
the dry form. The leaf is free from epidermal hairs, but is covered by a fine corrugated cuticle. The chlorenchyma is entirely.
palisade, the cells being very small and the intercellular air spaces
being reduced to mere lines. The median storage portion is made
up of globose cells in several layers completely surrounding the
bundles, and in the region of the midrib they extend laterally to
each epidermis. Opposite each bundle on the lower side and
within the storage region is a large resin canal. The development
of these canals will be described presently.
The leaf of the moist form (fig. 34) shows some variation
from the above structure. In the first place it is much broader,
but not any thinner. The chlorenchyma is composed of few, more
loosely aggregated palisade cells, and the storage region is considerably reduced. The storage cells here are oblate and they
resemble sponge cells rather closely. In the young leaf they
actually contaip chloroplasts. The resin canals are equally typical for this form and they occupy the same position.
THE INTERCELLULAR RESIN CANALS OF CHRYSOTHAMNUS
GRAVEOLENS

As stated above, these canals are found singly opposite the
vascular bundles in the lower portion of the leaf. They traverse
the leaf and petiole longitudinally as tiny tubes when they are
mature. They usually acquire a circular transverse section. The
canals were not traced farther than the petiole, but they probably
continue into the cortex of the twigs and stems.
The development was followed from the first appearance to
the mature canal. The position in the leaf tissue is seen from
either figure 33 or 34, plate V. There are about four great stages
in the development of the canals. Figure 38 shows the structure
in detail through a vascular bundle and one of the canals.
These structures are lysigenic in origin, i. e. they arise by the
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rupture (schizogenous in part) and disorganization of more or
less permanent tissues. The beginning is marked by a single cell
filled with a dense, yellowish-brown, mucilaginous protoplasm,
figure 35. This cell stands out very plainly among the clear surrounding cells of the storage region, and this, the primordial cell,
marks the position of the future canal. The color and mucilaginous or resinous appearance spreads from the first cell to those
adjacent, and subsequently the walls of the primordial cell are
dissolved and the several secretory cells thus opened contribute
their contents to the young canal, figure 36. This disintegration
and solution proceeds for some time until finally the cavity of the
canal appears, figure 37. In the mature state the cavity is surrounded by the epithelial-like layer of secretory cells. Finally,
an open longitudinal canal is formed with the structure shown in
figure 38.
The function of these canals or of the secretion can not be explained at present. The chemical composition of the resinous
secretion was not determined.

luncus balticus. Plate VII and plate VIII.
This species furnishes the most striking differences in structure
between the moist and the dry form found during this study. The
material from which both the figures were made was collected at
. Fort Garland where the species was found widely distributed in
the wet meadow north of the village and also in the adjacent
Artemisia formation. In the wet meadow the species formed
close, compact groups interspersed with various species of Care x,
. but in the Artemisia formation it occurred as rather widely scatte1'ed individuals. It did not occur in close groups in this habitat.
Figure 41, plate VII, was made from the moist form. The soil
in the meadow was covered with an inch of water, therefore it
may be considered saturated. Figure 42, plate VIII, was made
from the dry form from the Artemisia, where the holard was 10
per cent. Both figures were made at the same height from the
ground.
These two stems show· such a great difference. in structure
that, although from all that could be made out, they are from the
same species, there is the possibility that we may have here two
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different species, and yet there is not a species of J uncus described
from the region for the Artemisia fonnation. Surely they are
two different species viewed from the histological structure, but
from the taxonomic standpoint they are apparently the same, and
we have here the extremes of histological differentiation within
the species.
The wet-meadow form (fig. 41) shows a thick epidermis with
a very thin cuticle and few stomata. The chlorenchyma consists
mainly of two rows of palisade cells closely aggregated; besides
a single row of globose cells just beneath the epidermis. The
palisade cells have a tendency to radiate from the vascular bundles. There is one large central vascular bundle with a peripheral
chain of about IS to 16 smaller bundles immediately beneath the
palisade. On the interior and connecting all the bundles is an
open reticulum of cells which forms the boundaries of the internal aeration chambers. The individual vascular bundles show a
fair development of transportive elements or xylem with a slight
development of supportive elements or fibers. The bundles lack
a well-defined sheath of wood fibers which is so characteristic for
the monocotyledonous vascular bundle.
In the dry form we find that the cuticle is three times as
thick as in the above stem, it having filled about one-half of the
cell cavity. The number of stomata is greatly increased, there
being twenty on the section here to six on the other form. From
actual counts for equal areas the ratio of the number of stomata
in the two forms is 10 moist form to 30 dry form. In this stem
the chlorenchyma is about doubled over its moister neighbor, and
it is so compact that it is almost impossible to see the intercellular
air spaces. The center of the stem is at first made up of a uniform tissue of globose cells which breaks down as the stem gets
older and finally leaves a central longitudinal cavitY'as shown in
the figure.
The most noticeable difference, however, is in the number and
the structure of the vascular bundles. These are disposed
in the form of three more or less regular peripheral rings. The
nutermost ring is composed of small, inconspicuous bundles much
like those in the meadow form. There are about twelve of these
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small bundles. The next or middle row occurs only a little nearer
the central cavity and is composed of about eighteen bundles.
Alternating with the members of the second row the innermost
ring or chain possesses the same structure as the former. The
individual unit of these two conspicuous rings is composed usually of two, sometimes three or four, large open' vessels in the
xylum or inner portion. Opposite these vessels and separated
from them by a plate of fibers is a circular or globose mass of
phloem, mostly sieve tubes. The whole is then surrounded by a
thick sheath of highly lignified fibers with small cavities. Outside
the bundle is a sheath of storage cells. In this section, then, we
have a total of forty-two vascular bundles as against sixteen
in the meadow form. The woody or the supportive portion of the
individual bundle is greatly developed here.
There is considerable doubt as to what interpretation should
be placed upon the above structural phenomena. The relative increase in photosynthetic tissue and in vascular bundles may be
developed in response to physiological phenomena. De Bary
makes the statement that, "The comparison of nearly related species inhabiting the water and tp.e land respectively demonstrates
among the former a considerable diminution in the development
of bundles, which may extend to the disappearance of the xylem."
This fact has been noted already for a number of species, but in
none is it so marked as in this species of Juncus. Surely the two
forms posses~ the structures necessary to fit each to its particular
habitat. Perhaps the greater accumulation of chlorenchyma in
the dry fonn may be accounted for by a greater light intensity.
Although light determinations for the two forms were not made,
it was very evident that the available insolation for the J uncus in
the wet meadow was much less than that for the species in the
Artemisia formation because of the crowding in the former habitat. It is well known that the stronger light will, to a certain
degree, accelerate the development of chlorophyll resulting in an
increase in the number of chloroplasts and ultimately in a greater
number of cells containing chloroplasts. This condition would
imply a greater photosynthetic activity which' would necessitate
a much inc~eased supply of carbOn dioxide, which would be avail-
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able only by the development of a greater number of stomata.
The increased number of stomata would tend to bring about a
greater loss of water from the plant by transpiration which could
only be offset by a great increase of absorbing area at the roots
together with the development of a greater number of conducting
channels, both of which points are abundantly proved. The thick
cuticle certainly prevents water-loss directly through the epidermis. The greater development of fibrous tissue in the dry
form might indicate that this was for support, but why such a
need for increased support? The dry form was scarcely larger
than the moist form, and, if anything, the latter was exposed to
wind and other forces more directly than was the form among
the Artemisia plants. The whole process is a very slow one, and
the exact sequence of events, together with the faCtors directly
concerned, could be proved only by control cultures.

"Water Storage Tissue."
In this study whenever structures were found which corresponded to those cells or tissues commonly called "storage" cells
or tissues, I have not hesitated to so designate them. I am aware,
however, of the fact that this whole question is still a more or
less open one. Although the great majority of the plants in this
study show more or less well-developed structures of this kind.
we must still exercise considerable reserve in attempting to explain the full significance of "water storage cells." Perhaps this
character is more universally present in plants Qf arid or desert
habitats where the holard is very low; yet it is also present in a
number of plants which inhabit swamps and indeed moist tropical
jungles. It is developed in many unrelated, families so that it
bears no apparent connection with phylogenetic affinity. The exact significance, then, of these structures has not been demonstrated, and it is imperative that some one should take the problem in hang and work it out so that all doubt or controversy is
removed and the true nature of "storage cells" is determined.
All through this investigation I have noted that these cells retain
the .stains very tenaciously after the contiguous cells or tissues
have been perfectly cleared. This shows that their power of retention of stains is marked, but whether they exercise' the same
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force over their water-content and yield up water to neighboring
tissues only in time of extreme need is not known. In many cases
a latex-like substance is present. Parkin in his studies on 'Ceylonese latex-bearing plants came to the conclusion that the chief
function of latex is water-storage. \Ve can not attempt to explain the full meaning of water-storage cells until the exact physical and chemical nature of the contents of such cells is determined. Because of its evident relation to xerophytic vegetation
the probl em demands a speedy solution ..
SUI\1MARY

The chief points reported in this paper may be summarized
briefly as follows:
1. The Artemisia formation is an arid, xerophytic formation.
2. The average holard is 13.3 per cent. The humidity is low
and the temperature is high.
3. Humidity and temperature show great diurnal fluctuations.
4. Plants are found in a holard as low as 4 per cent.
5. There is very little variation in the vertical distribution of
soil moisture in the ·sandy soils of the formation.
6. Root systems are superficial; and the absorbing area of the
roots is greatly augmented by the increased number of
rootlets and root hairs.
7. Artemisia tridentata is rather stable in the matter of leaf
structure. The mean annual increment of the species is
very low.
S. The plants of the formation as a whole are stable.
9. The presence of a close covering of epidermal hairs does not
necessarily preclude cuticularization. When one is lacking the other is usually present.
10. Nuclei are normally present in the epidermal cells of the
plants found in the Artemisia formation.
I!. There is a great predominance of palisade over sponge tissue; the chlorenchyma is .very compact, the intercellular
air spaces being reduced to mere lines in many species.
12. "Water storage tissue" is present in nearly all of the species
investigated.
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In conclusion I wish to express my greatest appreciation and
thanks to Professor Doctor Frederic E. Clements of the Un i:versity of Minnesota who suggested this study, and who was my
adviser during all the field work; also to ~ rofessor Doctor
Charles E. Bessey of the University of Nebraska, to whom I am
indebted for much counsel and advice during the progress of this
study.
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EXPLANi\TIO N OF PLATES,
All figures were drawn with the aid of an Abbe camera lucida, using
Bausch & Lomb microscope stand BE with objective 2/3 0.24 N. A. with
ocular 1, except figures 35, 36, 37, 38, 39, and 40, which were drawH under a
higher magnification by using vbjective 1/6 0.85 N. A. with the same ocular. All figures are drawn to ' the scale of 120 diameters, except figures
35, 36, 37, 38, 39, and 40, which were drawn to th e scale of 720 diameters,
and all reduced one-half.
PLATE I
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

1.

2.
3.
4.
5.
6.

7.
8.
9.

AI·temisia
AI·temisia
Artemisia
Artemisia
Artemisia
Artemisia
Artemisia
Epidermal
Epidermal

tridentala from dry rocky ridge.
tridentata fr om top of plant in full illumination.
tridentata from within the bush, diffuse light.
tridentata from shade of spruces.
tridentata from open formation.
tridentata from the edge of a creek bank.
canadensis from a rocky slope.
gland of AI·temisia tridentata in four stages.
hair from Artemisia tridentata showing nuclei.
PLATE

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

10.
11.
12.
13.
14.
15.
16.
17.

II

Allionia linearis from the drier portions of the formation.
Odostemon aquifo/ium, a transition species. Very thick cuticle.
Lupinus pusillus. Thick cuticle; sponge-like storage.
Lappula occidentalis. Mucilage cells, thick cuticle.
Drymocallis lissa. Thick epidermis filled with mucilage.
Eriogonum flavum. Dense palisade; median storage band.
Gaura coccinea. Storage tissue; mucilage in epidermis.
Linum lewisii. Mucilage in epidermis and about bundles.
PLATE

III

Fig.
Fig..
Fig.
Fig.
Fig.
Fig.

18.
19.
20.
21.
22.
23.

Scutellaria brittoni. Heavy· cuticle.
Thelypodium wrightii. Cuticle; lens-shaped epidermal cells.
Pentstemon trichander. Rosette leaf; all palisade.
Pentslemon trichander. Stem leaf; palisade and sponge.
Atriplex cornuta. Epidermal scales; storage about bundles.
Atriplex canescens. Epidermal scales; bundle sheath of mucilage
cells.
PLATE IV

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

24.
25.
26.
27.
28.
29.
30.
31.

Lupinus ammophilus. Dense palisade: storage about bundles.
Gutierrezia sarothrae. Storage about bundles; cuticle.
Aragallus sericeus. Dense epidermal hairs; cuticle, storage.
Lupinus parvifolius. From wet meadow; palisade and sponge.
Delphinium ramosum. Moist soil; storage about bundles.
Orthocarpus lutcus. Homogeneous spongophyll.
Phacelia heterophylla. Mucilage in epidermis; upper cuticle.
Delphinium occidentale. From a rocky slide; an apparent anomaly.
PLATE

V

Fig. 32.C alochortus nutallii. Thick cuticle; homogeneous sponge.
Fig. 33. Chrysothamnus graveolens. From dry situation, much storage;
corrugated cuticle, resin canals.
Fig. 34. Chrysothamnus graveolens. From creek bank.
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PLATE

VI

Figs. 35, 36, 37, 38. The development of the resin canal in Chrysothamnus
graveolens.
Fig. 39. Glandular hair from Drymocallis lissa.
Fig. 40. Epidermal gland from Gutierrezia.
PLATE

Fig. 41. ]uncus balticus.

VII

From wet meadow formation.
PLATE

VIn

Fig. 42. ]uncus baltiCHs. F rom Artemisia formation. The stippled PO l
tion represents th e chlorenchyma in this figure and in figure 41.
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